Al coatings, with thickness (x) up to 20 µm, were deposited by dc sputtering on both sides of the Metglas 2605S2 precursor melt-spun ribbons. Spin reorientation, induced by the magnetoelastic effect, was clearly observed in the Al/Metglas 2605S2/Al trilayers by monitoring the 2 and 5 line intensities of the Mössbauer spectra obtained at different temperatures. The average spin orientation angles can be controlled by adjusting the Al thickness. A magneto-mechanical coefficient, which measures the rate of spin reorientation with respect to the temperature variation, was obtained and is found to be equal to −0.15 • K −1 and −0.28 • K −1 for x = 5 µm and 20 µm, respectively. Using a spin structure phenomenological model, in-plane native magnetic anisotropies ranging up to 3 kJ m −3 were estimated for the Metglas 2605S2 ribbons. Energy anisotropy values higher than 20 kJ m −3 are associated with inhomogeneities and defects from the sample preparation method and may correspond to about 10% of the ribbon volume.
Introduction
Several works on the domain structures and anisotropy distribution in melt-spun amorphous ribbons have been reported (Kaczer 1970 , Tejedor and Hernando 1980 , Chikazumi and Suzuki 1995 , Schäfer et al 1996 , Hubert and Schäfer 1998 . Essentially two types of magnetic domain patterns have been observed in melt-spun metallic glasses: wide magnetic domains that follow a local in-plane easy direction and narrow fingerprint-like magnetic domains with an easy direction perpendicular to the surface.
These melt-spun amorphous ribbons when coated on one (bilayer) or both sides (trilayer) with materials of different thermal expansion coefficients have proved to be good candidates for temperature, force and motion sensors (Je Bae et al 1996 , Kaniusas et al 2000 , Mehnen et al 2004 , Mendoza Zélis et al 2007 . In this relatively simple setup, magnetoelastic effects are present due to the different 3 Author to whom any correspondence should be addressed. thermal expansion coefficients and can be responsible for inductance changes of up to 3% K −1 in coils where the bi or the trilayer systems are used as magnetic flux conduction nuclei. However, up to now, little is known on the details of the modification of domain structures of the metallic glass trilayer sensors (metal/amorphous/metal) when temperature is changed, for example. Additionally, in native states, the amorphous magnetic domain structures are complex due to the fact that they are often dominated by internal stresses, which are not well known (Hubert and Schäfer 1998) . Thus, new experiments must be performed on as-quenched materials as well as in the bi or trilayer systems in order to obtain complementary information on their magnetic structure and thermal behaviour.
Mössbauer spectroscopy (MS) offers the possibility to obtain information on the magnetization distribution without having to apply external fields. Therefore, the MS method can lead us to gain an understanding of the native stress configuration created by the melt-spinning process and the stress effect induced by the Al layers, avoiding the interference of applied magnetic fields. MS presents the advantage of sampling the distribution of magnetization direction within the sample bulk as well as in the surface's neighbourhood. The sampling is easily performed by observing the relative intensities of Mössbauer absorption lines. This methodology may average the information over the whole material, thus providing only the mean value of the magnetization direction. However, considering the magnetic domains are either parallel or perpendicular to the amorphous ribbons surface, their fractions can be readily estimated.
In this work, we present results obtained from Al/amorphous/Al samples made of melt-spun Metglas 2605S2 precursors with Al layers deposited by sputtering on both sides. From these we obtain information on the distribution of magnetic anisotropies induced by stress fields frozen-in during the ribbon fabrication as well as on the spin reorientation caused by additional stress field produced by the Al layers deposited onto the amorphous ribbon.
Experimental
Metglas 2605S2 alloy ribbons (am), 10 mm wide and 20 µm thick, were prepared by melt-spinning. The ribbons were cut into 20 mm long samples, which were ultrasound cleaned using three successive baths (neutral Extran detergent, distilled water and acetone). The cleaned samples were then coated on both sides with Al deposited by dc sputtering. During the Al depositions, the ribbons (substrates) were kept at a temperature close to 420 K. The trilayers were labelled Ax/am/Ax, where x is the Al layer thickness (x (µm) = 0, 5 and 20). It is important to stress that the chosen amorphous alloy (am) is known to have a magnetostriction constant (λ S ) (Datta et al 1984) of about +27 × 10 −6 , thermal expansion coefficient (α am ) of ∼6 × 10 −6 K −1 and Young's modulus (E am ) of about 110 GPa (Allied Corp. 1981) , while bulk Al has the following parameters: λ Al = 0, α Al = 23 × 10 −6 K −1 and E Al of about 70 GPa (Resnick and Halliday 1978) . For the Al layer thickness (∼µm) employed in this work, bulk properties were assumed.
MS experiments were carried out with a standard constant acceleration spectrometer, under transmission geometry, using a 57 CoRh source of about 50 mCi. The trilayer samples were mounted in a sample holder specially designed to avoid external stress on the samples and with the gamma ray direction perpendicular to the ribbon plane. They were put into an APD cryogenics set-up and kept in place under the same geometry during each set of measurements at different temperatures from 12 to 300 K, while the Mössbauer radioactive source was always kept at 300 K. High temperature MS were performed in a high vacuum Mössbauer furnace, with the gamma source also kept at 300 K. The centre of gravity shift values of the Mössbauer spectra (CS) are given relative to the 57 Co : Rh matrix.
Results and discussion
Figures 1(a) and (b) display some of the Mössbauer spectra recorded at different temperatures from the A0/am/A0 and A20/am/A20 samples, respectively. The six broad absorption lines are typical of magnetic metallic glasses (Nunes et al 2004) . It is known that the mean orientation of Fe magnetic moments can be easily calculated from the Mössbauer spectrum using the well-known expression for the absorption line relative intensities 3 : I 23 : 1 : 1 : I 23 : 3, where I 23 = 4 sin 2 (θ )/(1 + cos 2 (θ )) is the line 2 to 3 relative intensity ratio and θ is the angle between the incident γ -ray and the direction of the magnetization (Greenwood and Gibb 1971) . As the incident photon direction is along the ribbon surface normal, one observes 3 : 4 : 1 : 1 : 4 : 3 for in-plane magnetization, whereas for out-of-plane magnetization it results in 3 : 0 : 1 : 1 : 0 : 3. As can be observed in figure 1(b) , the most remarkable difference among the spectra of the A20/am/A20 sample is the line absorption relative intensity variation with temperature, while no significant change is observed for the uncoated sample, as shown in figure 1(a) . The temperature dependence of the intensity ratio I 23 is also visualized in figure 2 for coated (x = 5 and 20 µm) and uncoated Metglas 2605S2 samples. The right-hand vertical axis of figure 2 shows the corresponding angle θ. While θ strongly depends on temperature for the Ax/am/Ax (for nonzero x) trilayers, it has, within experimental error, a constant value of about 57 • for uncoated amorphous ribbons. With decreasing temperature, I 23 of the coated samples initially presents an approximately linear response and then approaches saturation. A remarkable decrease of I 23 with respect to the Al thickness (x) is also found for the same temperature interval.
For the trilayers used in this work, strong tensile or compressive stress appears on individual layers when temperature (T ) is changed due to the layers' distinct thermal expansion coefficients (α). The stress value also depends on their Young's moduli (E) and the cover layer thickness (x). This stress induces changes in the magnetic moment distribution, as experimentally indicated in figures 1 and 2. Based on these considerations, one would expect no thermoelastic effects when the trilayer system is set around the temperature at which the coating layers were deposited (∼420 K). Thus, by taking into account thermal strains in each layer and applying Newton's laws for an Ax/am/Ax trilayer system, we have
where x is the Al layer thickness. Using typical values of α and E for Al and Metglas 2605S2 alloy, the relative deformation coefficient of the trilayer with x = 20 µm is found to be 9.5 × 10 −6 K −1 .
In figure 2, a crossing over of the I 23 curves of the coated and the uncoated samples at a temperature T F (∼420 K) is observed. In addition, the I 23 curves of the coated samples abruptly decrease with temperature and reach a saturated state at about the temperature T S (defined in figure 2 ). Thus, one can now define a magneto-mechanical coupling coefficient ( S ) as the ratio of the angle variation ( θ = θ S − θ F ) between the saturated state (induced by thermal magnetoelastic effect) and the stress-free state (uncoated sample) to their corresponding temperature variation ( T = T S − T F ). Therefore, S can be written as
This coefficient brings information about the influence of the Al layer thickness on the spin reorientation effect when the trilayer is subjected to a stress induced by a temperature variation T . For the x = 5 µm and 20 µm samples under compressive stress, the S values are about 0.15 • K −1 and 0.28 • K −1 , respectively.
In order to determine the magnetic anisotropy distribution of the Metglas 2605S2 we have used the experimental results reported in the literature that show domain magnetization partially in-plane and out-of-plane of the ribbons (Tejedor and Hernando 1980 , Schäfer et al 1996 , Hubert and Schäfer 1998 and we consider three contributions for the magnetic anisotropy, which are: the ribbon surface anisotropy (K S ), the native anisotropy due to the frozen-in stress field (K N and K N⊥ , as defined in figure 3 ) and the anisotropy due to the thermoelastic stress (K σ = 3tσ λ S /2, where t is the thickness, σ the stress and λ S the magnetostriction constant). Thus, with the above assumptions (magnetic domains and energies), the trilayer magnetic energy can be approximately written as the sum of these three terms as
where A (superficial ribbon area) and t (=d am ) define the ribbon volume V (=Ad am ). Equation (3) may be first analysed by taking the magnetoelastic (E M = 3V σ λ S /2) and the surface (E S = AK S ) energies, which determine a critical stress value of σ c = (2K S /3d am λ S ). Above this σ c value, the E M term will govern the spin reorientation phenomenon induced by temperature variation. Typical values of K S are between 10 −4 and 10 −3 J m −2 (Hubert and Schäfer 1998) , resulting in a critical stress interval (σ c ) of about 2 × 10 5 -2 × 10 6 Pa, for λ S = 27 × 10 −6 (Allied Corp. 1981 , Datta et al 1984 and d am = 20 µm. According to equation (1) for d am and x = 20 µm, σ c in the interval of 2 × 10 5 -2×10 6 Pa will correspond to T in the interval of about 1-8 K. Therefore, surface/interface effects would only be relevant in temperature intervals in the neighbourhood of the Al deposition temperature, for x = 20 µm. As well known, in the as-quenched ribbons, the K N s (parallel and perpendicular) are introduced by the ultra-rapid freezing process: the unidimensional motion of the ribbon, the thermal gradients between the sides of the forming ribbons in contact with the cold wheel and the atmosphere, etc (Greneche et al 1982 , Greneche and Varret 1982a , 1982b , Fish 1990 , Makarov et al 1994 , Hubert et al 1990 . Therefore, at the Al deposition temperature, the magnetization orientation distribution can be mainly attributed to the distribution of native anisotropies, defining two volume fractions: V related to native in-plane anisotropy K N , and V ⊥ related to native out-of-plane anisotropy K N⊥ . A schematization of the spin domains volume fraction is represented at the top of figure 3 for the trilayer submitted to no external stress (ribbon native state at the Al deposition temperature). As the trilayer temperature is reduced below the deposition temperature new regions with out-of-plane magnetization (volume V 2 in figure 3 ) are formed at the cost of the native V region due to the increasing compressive stress. Therefore, two volume fractions, where the local anisotropy K N > −3λ S σ am T /2 and < − 3λ S σ am T /2, can be distinguished in the native volume V : V 1 (=V − V 2 ) and V 2 , respectively. Within V 1 and V 2 , the combined effect of thermoelastic and native anisotropy energy contributions leads to magnetization preferential directions given by θ ≈ 0 and θ ≈ π/2, respectively.
Since in V 1 , I 23 ≈ 4 (magnetization in the ribbon plane) and in V 2 , I 23 ≈ 0 (magnetization perpendicular to the ribbon plane), the fraction f j = V j /V can be estimated by means of the expressions
Therefore, f 2 can be experimentally estimated taking into account that f ⊥ can be determined from the value of I 23 obtained from the uncoated amorphous ribbon, where f 2 = 0.
It is now possible to find a relationship between f 2 and the critical value of K N , K C = −3λ S σ/2, by noting that where g(K C ) is experimentally determined from I 23 data. Figure 4 is a plot of f 2 versus K C built assuming that the net stress (thermoelastic plus chemical/interfacial coupling stress) is negligible at the crossing between the I 23 curves of the uncoated and the coated samples. The crossing-over temperatures are about 405 K and 423 K for x = 5 µm and 20 µm, respectively, as indicated in figure 2 . The horizontal dashed line in figure 4 corresponds to the upper limit of f 2 and the last point of each f 2 (K C ) curve is due to the lowest temperature value (12 K). Therefore, figure 4 displays the fraction of reorientated spins as a function of anisotropy energy and consequently gives an idea of the distribution of K N within the material. From figure 4 it can be observed that the most important changes of the as-quenched ribbon spin domain structure occur with values of native in-plane anisotropy of up to 3 kJ m −3 . These values account for about 90% of V . Additionally, it is known that defects and other irregularities in the melt-spun ribbons are responsible for high magnetic anisotropy contributions (Tejedor et al 1999) . According to figure 4 , the remaining 10% of V have in-plane anisotropy higher than 20 kJ m −3 , which is associated with defects and inhomogeneities due to the sample preparation method.
It should also be noted that for the A5/am/A5 and A20/am/A20 samples at temperature higher than 400 K, negative values for K C and f 2 are reached. This effect is expected since a tensile stress would exist at high enough temperatures due to the thermal expansion coefficients of the trilayer components, which in turn would affect the V ⊥ contribution. However, the presence of interface anisotropy could also contribute to the observed effect. The intersection of the I 23 curves of the coated samples at about 426 K (I 23 ≈ 2.8) gives an indirect determination of the deposition temperature. Since at this temperature no magnetoelastic effect is expected, another origin must be sought for the observed high I 23 value and in general for I 23 > 2.0 recorded for T > 410 K. One may assume that interface coupling is responsible for these effects.
It is interesting to note the empirical relationship between I 23 and the thermal compressive stress shown in figure 5 , as it provides information on the interface anisotropy between the amorphous ribbon and the Al layer. From the difference between the deposition temperature and that at which the magnetoelastic effect compensates the interface anisotropy (I 23 = 2.0, σ ≈ −10 MPa), we can estimate the anisotropy at the interface between Al and amorphous to be about 400 J m −3 (see figure 5 ).
Conclusions
Spin reorientation induced by the magnetoelastic effect was clearly observed in Al (x)/Metglas 2605S2 (20 µm)/Al(x) trilayer with x = 0, 5 and 20 µm. The dI 23 /dT takes its largest value close to the deposition temperature and also for thicker Al layers. In other words, when the effect of Al coating increases monotonically with its thickness, the dI 23 /dT values increase rapidly with x, reducing the temperature interval where the main magnetization reorientation takes place. A magneto-mechanical coefficient ( S ) was defined to measure the evolution of spin reorientation with respect to the ribbon plane induced by thermal stress. For Al thickness of 5 µm and 20 µm, the coefficients are −0.15 • K −1 and −0.28 • K −1 , respectively. An extended model of the two preferential orientations of the magnetization (in-plane and out-of-plane) has been used to estimate the native magnetic anisotropy distribution caused by the internal stress of the as-quenched ribbon in the Al/Metglas 2605S2/Al trilayers. In-plane anisotropies are estimated to be mostly below 3 kJ m −3 for the Metglas 2605S2. The volume of 10% with native in-plane anisotropy has an anisotropy value higher than 20 kJ m −3 and is associated with inhomogeneities and irregularities. Chemical/interfacial anisotropy, induced by the interaction between Al and amorphous atoms, is estimated to be about 400 J m −3 for the studied trilayers.
